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Imaging bolometers utilize an infrared IR video camera to measure the change in temperature of
a thin foil exposed to the plasma radiation, thereby avoiding the risks of conventional resistive
bolometers related to electric cabling and vacuum feedthroughs in a reactor environment. A
prototype of the IR imaging video bolometer IRVB has been installed and operated on the JT-60U
tokamak demonstrating its applicability to a reactor environment and its ability to provide
two-dimensional measurements of the radiation emissivity in a poloidal cross section. In this paper
we review this development and present the first results of an upgraded version of this IRVB on
JT-60U. This upgrade utilizes a state-of-the-art IR camera FLIR/Indigo Phoenix-InSb 3–5 m,
256360 pixels, 345 Hz, 11 mK mounted in a neutron/gamma/magnetic shield behind a 3.6 m IR
periscope consisting of CaF2 optics and an aluminum mirror. The IRVB foil is 7 cm9 cm
5 m tantalum. A noise equivalent power density of 300 W /cm2 is achieved with 4024
channels and a time response of 10 ms or 23 W /cm2 for 1612 channels and a time response of
33 ms, which is 30 times better than the previous version of the IRVB on JT-60U. © 2008 American
Institute of Physics. DOI: 10.1063/1.2988822
I. INTRODUCTION
Resistive bolometers are commonly used in fusion ex-
periments to measure the total radiated power. Ultimately
they should provide a temporally and spatially resolved mea-
surement of the radiation profile throughout the plasma cross
section.1 These detectors are based on the principle of the
temperature dependence of the electrical resistance of a me-
ander of metal. A thin foil typically 4 m of gold is used
to absorb the radiation whose energy is then transferred ther-
mally through a Kapton, mica, or SiN insulating layer to the
gold resistive meander. These detectors are highly developed
utilizing a Wheatstone bridge consisting of four resistive
legs, two of which measure the incoming radiation and two
of which are shielded from the incoming radiation and form
a background temperature reference.2 This bridge circuit is
intended to compensate the heating of the surrounding sup-
porting structure using the reference resistors, however, if the
characteristics of the reference and measuring resistors are
not perfectly matched then a drift in signal with time can
result. This drift not only produces a false signal but also
with time can increase the signal level beyond the range of
the analog to digital convertors. If the drift could be charac-
terized which may not be possible the former effect could
be subtracted off in the analysis, but the latter problem can
only be solved by periodically shuttering the detectors and
readjusting the balance of the bridge resetting the signal to
zero or by lowering the amplifier gain, thereby reducing the
sensitivity. The shuttering of resistive bolometers installed at
various poloidal locations in the first wall may not be prac-
tical; therefore this signal drift may present a problem for the
steady-state measurement of the total radiated power using
resistive bolometers. Countermeasures involving the use of
feedback control of additional resistive heating grids behind
each of the four resistors are under development, but this
would complicate the electronic circuitry and double the al-
ready large number of wires four necessary per channel.3 A
more likely solution to this problem is the use of laser trim-
ming to match the resistances of the four legs.4 This problem
may be compounded by differences between the reference
and sensing resistors in the absorption of nuclear heating.
One solution to this problem would be to test the drift of
each detector and reject those with unacceptably high values,
but this would raise the cost per channel. Another problem
experienced by resistive bolometers with a gold meander and
absorber on a mica substrate in tests under reactor equivalent
neutron fluxes is the loss of electrical contacts during the
thermal variations incurred at the termination of the neutron
exposure.5 Alternative detector materials such as Pt on AlN
and alumina have been satisfactorily tested in a nuclear
environment6 and platinum bonding techniques have been
developed which are superior to the previous spring loaded
contacts.4 A prototype resistive bolometer with a 1.5 m Pt
a
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absorber on an SiN substrate has been produced and used
successfully on ASDEX-Upgrade.7 A prototype with a
3.5 m Pt absorber and platinum bonded contacts has also
been produced and tested in ASDEX-Upgrade and further
radiation testing is planned.4 Another unresolved issue for
resistive bolometers is the thickness of the absorber foil. For
ITER a thickness of 12 m or more is expected while the
thickest absorber fabricated to date is 8 m of gold on a
20 m mica substrate.8 Additionally, due to the Wheatstone
bridge circuit, a large number of wires five per channel are
necessary for the resistive bolometers. This not only poses a
risk in terms of vacuum reliability but also leaves the diag-
nostic susceptible to radiation induced electromotive force
and other sources of noise.
As an alternative or complimentary diagnostic to resis-
tive bolometers, imaging bolometers have been proposed.
Imaging bolometers are similar to resistive bolometer in that
they use a thin metal foil to absorb the photon and neutral
flux from the plasma, but they differ in that the foil tempera-
ture is measured by an infrared IR camera instead of a
resistive grid.9 By transferring the foil temperature informa-
tion from the vacuum vessel using IR radiation the problems
of many wires in the case of the resistive bolometers are
avoided. The IR imaging video bolometer IRVB uses a
large thin foil to provide a time resolved image of the plasma
radiation.10,11 By solving the equation for the heat diffusion
in the foil the two-dimensional distribution of the incident
photon and neutral power is derived as a function of time.
Since the foil temperatures are taken with respect to neigh-
boring pixels or that of the surrounding and supporting thick
22 mm2 copper frame which temperature is also con-
stantly measured by the IR camera, any temperature drift of
the frame is automatically compensated for in the analysis.
In addition, increasing the foil thickness is easy to do and
should enhance the stiffness and uniformity of the foil.
Therefore due to the radiation resistance of the materials
used copper frame and Pt, Ta or W foil, the lack of wires
and the lack of signal drift, imaging bolometers represent an
alternative to resistive bolometers for diagnosing radiation
from a steady-state fusion reactor.
In this paper we describe the imaging bolometer by com-
paring two recent examples that have been installed and op-
erated on the JT-60U device. In Sec. II the IRVB concept is
described including data analysis and calibration techniques.
In Sec. III the first IRVB installation in JT-60U and the cur-
rent upgrade are compared. In Sec. IV a summary is given
with further comparison with resistive bolometers and pros-
pects for the applicability to ITER.
II. IMAGING BOLOMETER CONCEPT
A. Concept, data analysis, and calibration
The first realization of an imaging bolometer used seg-
mented copper masks to sandwich the foil. The holes in the
masks expose the foil on both sides forming the bolometer
pixels.9 Cooling of the foil by the masks and problems with
cross-talk between the pixels because of poor thermal contact
between the mask and foil led to the development of the
IRVB which is the subject of this paper.10,11 The IRVB ex-
poses the entire foil except for the edge which is sandwiched
by two frame pieces to support the foil. Instead of relying on
the segmented mask to thermally isolate and define the bo-
lometer pixels, the two-dimensional heat diffusion equation
of the foil given by Eq. 1
−rad +bb +
1

T
t
=
2T
x2
+
2T
y2
,
rad =
Prad
ktfl2
bb =
SBT4 − T0
4
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, 1
is solved for the incident radiation, Prad, by using the Crank–
Nicholson algorithm from the two-dimensional temperature,
T, distribution on the foil measured by an IR camera11 where
k is the foils thermal conductivity, tf is the thickness of the
foil, l is the dimension of the bolometer pixel, SB is the
Stefan–Boltzmann constant,  is the blackbody emissivity, T0
is the background temperature, and  is the thermal diffusiv-
ity of the foil. In order to do so the IR camera must be
calibrated for the foil temperature measurement and the local
foil properties: , , and the product ktf, must be determined
through the foil calibration technique.11,12
B. Sensitivity
The sensitivity of the IRVB is given by the equation for
noise equivalent power density NEPD, SIRVB,11,13
SIRVB =
2ktfIR
f IRNIR
5Nbol3 fbol
Af
2 +
Nbolfbol3
2
, 2
where IR is the noise equivalent temperature of the IR cam-
era, f IR is the frame rate of the IR camera, Af is the area of
the bolometer foil, NIR is the number of pixels of the IR
camera which are used in the analysis, Nbol is the number of
bolometer pixels, and fbol is the frequency response of the
IRVB. In Eq. 2 the blackbody radiation term is left out
since it is negligible for foil temperatures which are less than
1000 °C. Usually the right hand term inside the radical
dominates for Nbol1000 and fbol100 Hz which can
give an expression for the sensitivity inversely proportional
to NEPD of the IRVB in terms of the foil parameters as
 /ktf.
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III. IRVB UPGRADE FOR JT-60U
This section describes the upgraded IRVB Ref. 14 on
JT-60U shown in Fig. 1 and compares it with the previous
version.15
A. Foil material
The choice of foil material is dictated by various char-
acteristics of the foil including the ratio of thermal diffusivity
to thermal conductivity  /k, which is a measure of the
sensitivity of the IRVB, tensile strength, neutron cross sec-
tion, melting point, ability to stop high energy photons, etc.
In addition, practical considerations such as melting point
and the availability of thin large foils should be evaluated.
Such parameters have been considered13 and the prime can-
didates for an IRVB foil are W, Ta, and Pt, whose properties
are shown along with those of gold in Table I. While gold
has been used previously, it is not suitable for use in a neu-
tron rich reactor environment due to the tendency for trans-
mutation to Hg Ref. 5 and is only shown for comparison. Pt
has the lowest neutron cross section, neutron, and can stop the
highest energy photons, but has the lowest sensitivity and
tensile strength of the three. W may be the best choice for a
reactor because of its superior strength and ability to stop
relatively high energy photons; however, large foils of less
than 10 m thickness are not available. Since a thinner foil
is needed for the JT-60U IRVB upgrade, we have chosen Ta
to see the effects of a stronger foil material on the foil
stability.
Calibration of the 5 m Ta foil showed that the ktf fac-
tor varies from 2.28 at the center to 2.24 at the edge relative
to the nominal values, indicating good uniformity, but a large
variation from the nominal values, leading to lower sensitiv-
ity. A 2.5 mm Au foil similar to that used previously in JT-
60U showed a variation in the ktf factor relative to the
nominal values of 1.2–0.72 from the center to the edge in-
dicating worse uniformity but values closer to the nominal
value than those of the Ta foil. The reason for these varia-
tions from the nominal value is not clear.16
B. Foil thickness
A trade-off exists in the selection of the foil thickness
between the sensitivity of the IRVB, which is inversely pro-
portional to foil thickness, and the ability of the foil to stop
high energy photons, which increases with foil thickness.
The previously used gold foil with a nominal thickness of
2.5 m could stop photons with energies up to 8 keV.
This is a little low for the high temperature plasmas in JT-
60U, therefore we decided to use a thickness of the Ta foil of
5 m. This will stop photons having energies of less than 9
keV and between 10 and 15 keV. This additional thickness
will also stiffen the foil. The exposed size of the foil is 9
7 cm2 as in the previous case.
C. Infrared periscope
The IR periscope was designed to bring the IR signal to
the IR camera located 2.4 m further away from the machine
than the previous case to reduce the neutron flux and mag-
netic field and thus improve the shielding. The IR periscope
consists of an IR vacuum window, four lenses, and a mirror.
The entire setup is shown in Fig. 1. The total length of the
optical path from the foil to the front surface of the IR cam-
era body is 3.8 m. The resulting optical system is estimated
to have an optical throughput of 0.025 which is 42 times
better than of the previous case giving a 2.5 times improve-
ment in the bolometer sensitivity. Previously a 58 mm diam-
eter ZnSe window was used. This is replaced with a 100 mm
diameter, 4 mm thick sapphire window. While the wave-
length range of sapphire is not quite optimal for the 3–5 m
InSb detector in the IR camera, previous experience on JT-
60U with sapphire windows provides some assurance that it
can be used reliably. Measurements of the IR transmission of
a similar window for a target at 150 °C give a value of
0.911. Four CaF2 lenses are used to bring the image of the
foil to the IR camera. The first closest to window lens has
a diameter of 100 mm and the others have diameters of 150
mm. The IR camera uses a 100 mm focal length, F /2.3 lens
with a 14 in. extension. CaF2 was chosen because it has one
of the highest transmission levels for the 3–5 m range of
the InSb detector. There is some question about fluorescence,
and darkening of CaF2 during neutron and gamma radiations,
but this has only been observed for certain wavelengths in
the visible range. We hope to check for any degradation in IR
transmission through recalibration of the optical system after
the shutdown of JT-60U. The mirror is 20 cm diameter Al on
FIG. 1. Color online Schematic of optical system for the IRVB upgrade on
JT-60U Ref. 14 © 2007 IEEE.
TABLE I. Properties of IRVB foil candidate materials Ref. 14 © 2007 IEEE.
Tensile strength MPa neutron barn K W /m K at 0–100 °C  /k cm3 K /J Eph keV at 10 m
Ta 760 22 57.5 0.43 20.1
Au 220 98.8 318 0.40 23.2
W 1920 18.5 173 0.39 21.4
Pt 200–300 9.0 71.6 0.35 23.9
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a K8 glass base located between the last CaF2 lens and the IR
camera lens. The IR transmission measured with the Phoenix
camera,
1
4 in. extension, 100 mm lens and optical system
was 0.996 compared to the same 150 °C object and field of
view with only the Phoenix camera, extension and 100 mm
lens. Including the transmission through the sapphire win-
dow the transmission is 0.908. The blackbody source used
for the camera calibration and transmission measurements is
a MIKRON M345Xx6.17
D. IR camera
The IR camera is a Phoenix Midwave 3–5 m by
Indigo/FLIR with an InSb detector cooled by a Stirling
cooler. The pixel number is 320256 and the manufacturers
rated sensitivity is 25 mK at room temperature. We
achieved 11.2 mK sensitivity in operation at 150 °C on JT-
60U which is about ten times the bit noise of 1.2 mK. For
high gain operation this bit noise can be lowered to 0.4 mK.
The data acquisition is 14 bit digital video data and the maxi-
mum frame rate for full frame is 345 Hz. This camera rep-
resents a significant improvement over the previously used
Omega IR camera which used a microbolometer detector
7.5–13.5 m with a frame rate of 30 Hz, 160
128 pixels, and a nominal sensitivity of 100 mK. The bit
noise level was 67 mK and typical experimental values of
noise were two times higher. The resulting improvement in
the IRVB sensitivity with the Phoenix IR camera compared
to the Omega IR camera is on the order of 100. Sample data
from the IR camera are shown in Fig. 2 after subtracting a
reference image taken prior to the discharge to compensate
for reflections by the foil of the surrounding structure be-
tween the IR camera and the foil. As long as the reflection
does not change this reference image is valid. This requires
that the temperature of the surrounding structure remain con-
stant and that the foil does not move relative to the IR cam-
era. Also the reflection is small due to the blackening of the
foil and can be reduced by cooling the surrounding structure.
E. Shield
The shield consists of magnetic, gamma, and neutron
shields. A 20 mm thick soft iron box was designed to shield
the IR camera from stray magnetic fields up to 300 G which
is above the expected maximum magnetic field at the IR
camera location. Operation on JT-60U has shown the mag-
netic shield to be sufficient. We have not noticed any prob-
lems related to the ramp up or ramp down of the magnetic
field with the new IRVB.
The neutron shield consists of a 10 cm thick shield made
of a boron-doped material called eponite.18 This shield
against neutrons is surrounding a 20 mm thick lead shield
against the secondary gamma rays produced in the eponite
by the neutrons. The lead shield encompasses the soft iron
shield and IR camera, which should also provide some
shielding of the secondary gamma rays. In the previous case
the IR camera was shielded by a 9 cm thick polyethylene
shield and a 15 mm thick lead shield, along with a 20 mm
thick soft iron shield.
The total neutron fluence from JT-60U D-D operation is
estimated to be 1016 /s. Modeling predicts that a 10 cm poly-
ethylene shield should reduce the neutron flux by a factor of
10.19 Compared to the camera location in the previous case,
the neutron flux should be a factor of 5 lower. Some prob-
lems with the Phoenix IR camera operation have been ob-
served, in particular, communication problems between the
IR camera controller and the detector head which is sepa-
rated form the controller by a 50 ft cable. However it is not
clear yet if these problems are due to radiation or some
source of noise. We have not noticed any image degradation
that could be attributed to gammas or neutrons.
F. IRVB sensitivity
For comparison of the sensitivity of the two IRVBs first
we can consider the foil parameters. This can be written in
terms of the factor ktf /, which is proportional to the NEPD.
By using the calibration factors for ktf and , we get a values
of 26.2 J /cm2 °C for Ta and 9.48 J /cm2 °C for Au. This
means that the Au foil is 2.76 times more sensitive than the
Ta foil. If we use Eq. 2 to calculate the NEPD for the two
IRVBs we get 700 W /cm2 for the previous case with 192
channels and 30 Hz. For the upgrade with the same number
of pixels and time response one gets 22.8 W /cm2 or a
factor of 30 improvement in sensitivity. For a configuration
FIG. 2. Color online Raw image from Phoenix IR camera showing signal
from radiating divertor in JT-60U during shot No. 47832. The number of
pixels shown is 194258. A reference image from the beginning of the
discharge has been subtracted to remove the signal from background reflec-
tions by the foil.
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with a 10 ms time response and 920 channels this would give
a NEPD of 300 W /cm2 or an improvement of 2.3 times
over the previous IRVB.
G. Aperture size and spatial resolution
In order to take advantage of the anticipated increase in
the sensitivity of the IRVB we reduced the aperture size and
in order to increase the number of IRVB channels and im-
prove the spatial resolution. In the previous case the aperture
and IRVB pixel size were 55 mm2 and the number of
bolometer pixels were 16vertical /poloidal
12horizontal / toroidal. In the new design the aperture
size is decreased to 2 mmvertical2.5 mm horizontal to
give a fivefold increase in the number of IRVB pixels to
40vertical /poloidal24horizontal / toroidal or a total of
960 IRVB pixels. The position of the aperture with respect to
the foil did not change and therefore the total field of view of
the IRVB shown in Fig. 3, but rather is subdivided into a
larger number of smaller pixels as described above. This re-
duction in the size of the aperture area and bolometer pixel
area by a factor of 5 reduces the signal level by a factor of
25, but this should be compensated by the increase in the
sensitivity of the IRVB as described above. The spatial res-
olution of the field of view of the line averaged brightness in
the divertor region should be improved by a factor of 2.5 in
the poloidal direction to 6 cm and by a factor of 2 in the
toroidal direction to 7.5 cm. This poloidal spatial resolution
will be about two times larger than that of the resistive
bolometers.
H. Time resolution
The time resolution of the imaging bolometer is not only
ultimately limited by the frame rate of the IR camera but also
by the time constant of the diffusion in the foil thermal
diffusivity, . Since the frame rate of the Phoenix IR camera
is 345 Hz it is possible to investigate much faster phenomena
than was the case with the 30 Hz Omega IR camera; how-
ever, this higher time resolution comes at the cost of sensi-
tivity as can be seen from Eq. 2 where S fbol3/2. Also with
the Phoenix IR camera it is possible to reduce the image
window size and thereby the number of pixels and readout
the reduced image faster since the pixel readout time is lim-
iting the frame rate. As an example, the 40vertical
24toroidal channel full frame bolometer image can be
reduced to a 171 channel bolometer array with the same
size bolometer pixels 22 mm2, which can be sampled at
5574 frames/s, but the resulting NEPD is an unacceptably
high value of 2.7 W /cm2.
IV. CONCLUSIONS AND DISCUSSION
We have produced an imaging bolometer with 4024
920 channels and a time response of 10 ms with a NEPD of
0.3 mW /cm2. This is 2.3 times better than the NEPD of the
previous IRVB with 1612 channels and a time response of
33 ms. Since the aperture area was reduced by a factor of 5,
the signal is reduced by a factor of 25. Therefore it will be
difficult to achieve the design values for the IRVB due to a
factor of 10 reduction in signal to noise ratio S/N. Part of
the reason for this reduction was an unanticipated increase
by a factor of 2 of the ktf calibration factor for the Ta foil
obtained in the calibration compared to the nominal value,
leading to a factor of 2 decrease in the sensitivity. It is not
clear why this factor increased so much. We had seen varia-
tions in this factor from nominal values for Au foils presum-
ably due to the graphite blackening, but such a large differ-
ence is extraordinary. To remedy this it is possible to reduce
the number of channels or increase the resolution time; how-
ever, decreasing the number of channels thus increasing the
bolometer pixel size without increasing the aperture size
correspondingly is not an optimal arrangement in terms of
increasing the S/N.
For a comparison of the NEPD with the resistive bolom-
eters, we use as a reference the number quoted for a resistive
bolometer by Mast et al.2 of 1 W /cm2 for a 4 m gold
foil on a Kapton substrate with a time response of 10 ms. To
convert this to a 4 m Pt foil on a SiN substrate we use the
assertion of Giannone et al.7 that it would be 3.6 times more
sensitive than the Au/Kapton version to get 0.28 W /cm2.
For a comparable IRVB with 100 channels based on our
experimental results from JT-60U and using the currently
most advanced IR camera commercially available FLIR
SC8000, InSb, 10241024 pixels, 132 frames/s, 25 mK
we get 29 W /cm2 or a factor of 100 greater than the Pt/
SiN resistive bolometer. However, it should be noted that the
FIG. 3. Color online New configuration with the semitangential field of
view divided into 40poloidal24toroidal pixels. The top of the divertor
dome is shown in brown.
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result of Mast et al. is rarely obtained in experiment where
the NEPD is typically a factor of 10 higher.20 In any case the
sensitivity of the IRVB with 100 channels is still a factor of
10 or lower than an equivalent resistive bolometer. In addi-
tion there are other benefits to the resistive bolometers that
were not pointed out earlier. The compact size and wire ca-
bling permit installation in positions remote from the port
plugs which is beneficial for the tomographic inversion. The
installation of an IRVB would be limited to the port plugs
and would therefore have to rely on a tangential view and the
assumption of toroidal symmetry to achieve the tomographic
inversion. Even in this case it is not clear if the spatial res-
olution requirement for ITER of 5 cm in the divertor could
be met by one or two IRVBs and if so, how many channels
would be necessary. This would need to be addressed by
tomographic modeling. While, on the other hand, the current
design for the resistive bolometers on ITER should easily
meet the ITER measurement requirements.4 The other advan-
tage of the resistive bolometers is the in situ calibration
which has been developed and built in to the amplifiers to
permit postshot in situ calibration.4 For the IRVB the initial
in-laboratory laser calibration of the foil is very time con-
suming with the development of 900 separate finite element
models necessary in order to measure the calibration coeffi-
cients at 80 points on the foil. It would be possible to de-
velop an in situ calibration similar to what was performed
previously on JT-60U Ref. 12 and automate the calibration
data analysis process, but this would take much development
work. Another issue facing both types of bolometers is the
differentiation of photon signal from the nuclear heating of
the foil. For the IRVB it is envisioned that a checkerboard-
patterned mask could be used to remove the photon contri-
bution leaving only the nuclear heating, but this would re-
duce the number of channels by up to a factor of 2. Also this
would require that the nuclear heating and the foil’s response
to it be uniform on the scale length of the mask dimension.
For the resistive bolometers the reference channels could be
used to subtract off the nuclear heating contribution, but that
would require that both reference and sensing foils be
matched in terms of their response to nuclear heating and
that the nuclear heating be uniform over the dimension sepa-
rating the reference and sensing foils. This issue is being
addressed for the resistive bolometers through neutronics
modeling,4 and could also be addressed for the IRVB in the
same way. Therefore, if the issue of vacuum risk can be set
aside and the issues of foil thickness and signal drift can be
resolved, then resistive bolometers seem to be the clear
choice for a bolometer diagnostic for ITER. However if these
are not the case then an IRVB should be considered after
evaluating tomography and nuclear heating issues.
In addition to further improvements in IR technology,
another prospect for increasing the sensitivity of the IRVB
and improving the diagnotic is high temperature operation,
based on several points. First of all, for the InSB detector the
3–5 mm wavelength range indicates an optimal target tem-
perature of 750–1430 °C from Planck’s law. Therefore we
expect an increase in the sensitivity of the IR camera with an
increase of the foil temperature up to this range. However, so
far, when comparing the Phoenix IR camera at 30 and
150 °C we do not see a significant difference in the noise
equivalent temperature. A second benefit of high temperature
operation is seen from the Stefan–Boltzmann law, which
when differentiated with respect to temperature gives a
signal-temperature differential which is proportional to T3.
Third, the contribution of the temperature dependent term to
the NEPD not shown in Eq. 2 does not become significant
until the temperature reaches 1000 °C or greater. Therefore
we should be able to increase the operating temperature of
the IRVB up to the operating temperature of the ITER first
wall 800 °C and increase the sensitivity without increas-
ing the NEPD. We plan to test this in the near future.
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